Abswut-This paper initiates a research aimed at developing tools that may have practical significance in contactless position control applications such as, e.g., photolithography. We describe a simple three-magnets planar positioning device, its mathematical model, and design a nonlinear controller that stabilizes it about an equilibrium. Specifically, we derive a feedback transformation mapping the nonlinear system with three positive inputs into a linear system in Brunovsky normal t o m with two inputs. Robust and robust adaptive controllers are then designed in the transformed input domain and their effectiveness in handling uncertainties is compared through simulations. An experimental testhed under construction is described and will he used as a benchmark to test the controllers developed here as well BS other nonlinear control approaches.
I. INTRODUCTION
Recent trends in the semiconductor industry show an increasing need to refine the photolithography process and achieve smaller linewidths (less than 0.13pm). Currently in indusuy the photolithography stage is comprised of a lower-stage that actuates large high-speed movements and a flexure-based upper-stage that delivers high-precision movements in multiple degrees of freedom [7] . The mechanical contacts can introduce impurities that may limit the accuracy of the photolithography process, thus decreasing production throughput. Further, the upper-stage flexure mechanism is driven by piezoelectric actuators that are capable of fine resolution but possess severe hysteresis nonlinearity [7] . Mechanical contact problems and the inherent nonlinearities of piezoelecmc actuators can be avoided by using planar magnetic-levitation technology to move the platen.
Perhaps among the most successful research in this direction is the one reported by Trumper and colleagues in [6] , where the authors use a linear controller to achlate a 6 DOF magnetic levitation device that achieves planar motions of up to 50 x 50 mm2 using linear motors. Linear motors are indeed particularly suitable for magnetic levitation applications due to their superior range of operation.
Electromagnets can also be used for magnetic levitation, they are cheaper to build, easier to control than linear motors, but typically suffer from a smaller range of operation. This drawback becomes particularly evident when controlling them with linear controllers derived by linearizing the system dynamics about a desired operating condition, since in this case the range of operation and the robustness versus uncertainties are affected. This paper focuses on a planar magnetic levitation device which employs standard electromagnets to achieve 2 DOF, while keeping a relatively large operating range. To avoid the Sitations mentioned above, we develop a rigorous nonlinear control framework to solve the stabilization problem over a guaranteed range, and apply robust adaptive control techniques (see [3] ) to make the closed-loop system robust versus a class of uncertainties. We consider the triangular arrangement shown in Figure  1 , which has the advantage of minimizing the number of electromagnets needed to actuate two degrees of freedom. Figure 1 illustrates a plan view of the system and the forces exerted on the disk by each magnet. Each of the rectangles represents an electromagnet with a ferromagnetic core with coil windings. The circle in the middle of the plane is a disk, also of ferromagnetic material, whose position we want to control. The vertical airgap of the disk can be controlled independenuy by a fourth electromagnet suspended over this plane. Since the vertical dynamics are decoupled from the horizontal ones, we focus our attention on the coupled nonlinear subsystem at the base. 
MODEL
The equations describing the motion of the disk are
The forces F, and Fv are generated by the electromagnets in the x and y direction, respectively. Notice that the force in the x direction is governed by the disk's y position and the force in the y direction is govemed by the disk's x position. In this section we give a mathematical model of the system depicted in Figure 1 is the relative permeability associated with the material.
Electromagnet i, for i = 1,2,3, has N , coils windings. The disk has a diameter L2, a cross-sectional area of A2 and a magnetic permeability of p2 = p p p~. As depicted in Figure 1 , the air gap between the face of the cores and the edge of the disk is d when the disk is at the origin.
The control inputs are the currents I,, I, and 13 of the elemomagnets.
III. NONLINEAR CONTROL DESIGN
This section demonstrates the design of three nonlin- controllers that stabilize the system affected by uncertainties. Uncertainties in this system are represented as follows
where 6 2 (~1 , x~, x 3 ) and 64(x1,x3,z4) represent unknown forces (i.e. accelerations) that can be generated from various elecuomagnetic modelling assumptions not holding, as well as friction. where Bi E R?' , for i = 11, .., 6}, are unknown parameters and the terms -83x2, -8,x4 represent viscous friction.
A. I&& Control Design
In this section, the design of a nonlinear controller that provides asymptotic stabilization to the origin is described. The ideal controller does not take uncertainties into account, thus here it is assumed that 62 = 0 and 84 = 0. 
such that rhe dynamics in the transformed inpur domain read as
where u1 and u2 are the new contml inputs ufter,feedhack rrunsfurmatiun.
Remark 1: Note that the feedback transformation in Proposition 1 is not a standard feedback linearizing one in that while the original system (3) has three positive inputs, the transformed system (7) The positive functions A(x1,x3,u1,u2) and B ( x l , 5 3 , U I , U Z ) are defined as -.
Note that for all (x,u) E C (defined in (6)), fnee < 0, transformation in (8), system (3) reads as (7) which is in fw > 0, fa < 0 and fb > 0. After the feedback Brunovsky normal form. To stabilize the origin we can, e.g., employ a LQR controller, U := [ U ] , u21T = -Kx, in the transformed input domain. For our simulations we choose Q = diag{5000,100,700, ZOOO}, R = 1 5000 looo 5o00 1000 1 .
19)
The design of a nonlinear stabilizer in the absence of uncertainties is now complete.
E. Robust Connol Design
In this section we robustify the controller developed in the previous section to account for the uncertainties in (4). To this end, using the feedback transformation (81, 
C. Robust Adaptive Conlrol Design
Although the robust control controller developed in the previous section guarantees stability for the system subject to uncertainties 62 and 64 in (4), it does have practical drawbacks. Specifically, the currents have a high-frequency component due to the fact that (1 1) is a smoothed version of a sliding mode controller. Further, a robust controller may require a large control effort which is not desirable in the application under consideration because of the saturation limits of the amplifiers. Both the drawbacks above may, in principle, be overcome by designing an adaptive controller. However, adaptive control designs would typically require the uncertainties in (4) to he structured, i.e., to exactly match the structure the adaptive control design calls for, and most often to be linear with respect to unknown parameters. Uncertainties 62 and 64 in ( 5 ) cannot be assumed to be structured and to be linear functions of unknown parameters (although, such an assumptions are reasonable for the friction terms).
In the light of the above we choose to develop a robust adaptive control that handles friction in the classic adaptive manner but compensates uncertainties A2 and A4 using adaptive upper bounds. To this end, we employ the tecbnique developed by Polycqou and Iannou in [3] , which ensures that the trajectories of the closed-loop system are globally uniformly ultimately bounded (GUUB) with a small ultimate hound. The methodology in (31 applies IO the class of nonlinear systems
x. --xifl + eTpi(zl, ..., xi) + A~( x ,~) , 1 5 i 5 n -1 an, where kr = 1.5. The robust adaptive controller is simulated in Section IV using the following initial conditions for the update parameter laws
I n = u + B T y n ( x ) + A n ( x , t ) ,
and the various control parameters given throughout this section.
IV. SIMULATION RESULTS
In this section we test in simulation the designs of Sections 111-A, III-B, III-C, namely the ideal, robust, and robust adaptive controllers. To compare our nonhear designs to the approach, often used in the control of electromagnetic devices, of linearizing the system about the desired equilibrium and designing a linear controller, we include in 
Cumnu of robust adaptive nonlinear conmller in uncertain
plot when using the robust adaptive control is shown above in Figure 3 . Using smooth currents, the robust adaptive controller obtains the best steady-state error. However, its peak current is 2.2 A higher than that of the robust controller. On the other hand, the practical issue with using the robust controller is the chattering effect of the control inputs that cannot be realized in hardware and can also excite high-frequency unmodelled dynamics in the system V. IMPLEMENTATION The prototype of the planar magnetic levitation device has been built, shown in Figure 4 and Figure 5 . Unfortunately due to hardware limitations, the device cannot yet be used to test the nonlinear controllers developed in this paper and serve as a benchmark to test other nonlinear control approaches.
The electromagnet cores, shown in Figure 4 , have a cross sectional area of 5 x 5 cm2 and are 40 cm long. These dimensions were chosen to obtain substantial strength from inefficient rectangular magnets (see e.g., [l] ). Each magnet's strength is further increased by using laminated cores made of low-copper soft steel. They are wound with 22-Gauge magnet wire and the inductance of each electromagnet is about 40 mH. Coil dynamics can be ignored by using a simple PI current controller and driving each electromagnet with a commercial PWM amplifier.
Including an additional magnet in the t direction for vertical levitation would increase expenses without making the control problem more interesting since the force in the z direction is decoupled from those acting in the xy plane. For this reason we suspended the disk by a wooden (41. The nonlinear controllers will be tested using the Wincon software platform by Quanser Consulting. The encoder inputs, actual current readings and controller reference current outputs are interfaced through the Quanser MultiQ PCI data acquisition card.
VI. CONCLUSIONS
We developed nonlinear controllers stabilizing the model of a planar magnetic levitation device and briefly discussed its implementation. The nonlinear controller developed has difficulty overcoming the Coulomb friction introduced by the linear guides without saturating the actuators. Therefore, larger power amplifiers are required and hardware design changes are needed to reduce or even completely remove friction. It is also recommended that a more magnetically permeable core material is used. After modifying the experimental testbed to avoid the problems indicated above, the device will be used to investigate the limitations of the various controllers presented here, as well as to test other ideas. Future research will focus on the design and implementation of improved robust stabilizing controllers and robust tracking controllers for this testbed.
